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Abstract 
 Chemical shifts and  full widths at half maximum intensity (FWHM) of KD and KE1,3  x-ray emission lines and  differences of full widths at 
half maximum intensity ('FHWM) using metallic element as reference for these emission lines  were measured for oxygen compounds of 
elements in the range 22 d Z d 29 with a Wavelength-Dispersive X-Ray Fluorescence spectrometry (WDXRF). It was also found larger 
chemical shifts and FWHM for KE1,3 lines than those of KD ones.  It should be noted that the magnitude of chemical shifts increases with 
increase in the numbers of ligand atom.  
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1. Introduction 
    X-ray fluorescence (XRF) spectroscopy is a powerful method to investigate the elemental chemical state in unknown 
compounds and the electronic structure of materials. It is well known that the X-ray spectra are sensitive to the chemical states of 
the emitting atoms and are of great use for studying the atomic and electronic structure in materials. It is demonstrated that the 
chemical state of relevant element in an unknown material can be analyzed by the use of the chemical shift. 
   Besides the determination of elemental concentrations, analytical techniques based on the observation of the sample X-ray 
emission can also be efficiently used for the chemical speciation of elements in the sample. In such chemical speciation 
measurements, the use of high energy-resolution instruments like crystal spectrometers is, however, mandatory. Chemical 
speciation can be based on the measurements of the changes in the integrated intensity of different satellite lines relative to the 
diagram line as it has been done recently for several manganese compounds .(  Sakurai K., Eba H., 2003) In this case a middle 
energy resolution (around 10 eV) is sufficient. Another method is to determine the chemical shifts of the characteristic X-Ray 
emission lines and the changes of their lineshapes but in this case a higher energy resolution (below 1 eV) is required. Gohshi 
and co-workers (Gohshi Y., Ohtsuka A., 1973;  Gohshi Y.,  Hirao O.,  Suzuk I., 1975)  were the first to report quantitative 
chemical state analysis of S, Cr and Sn based on the energy shifts of the characteristic X-Ray emission lines. Kavþiþ et al.  
(Kavþiþ M., Dousse. J –CI., Szlachetko J., Cao W., 2007)   measured chemical effects in the KE X-ray emission spectra of sulfur 
with a wavelength dispersive single crystal spectrometer. X-Ray emission spectra are known (Konishi T., Kawai  J., Fujiwara 
M., Kurisaki T., Wakita H. and Gohshi Y.,  1999)  to be influenced by the chemical combination of x-ray emitting atoms with 
different ligands. The effects of the chemical combination, however, are not large and a theoretical interpretation of these effects 
has not been established completely. Therefore, chemical effects have rarely been utilized in the characterization of materials. X-
ray emission and absorption processes have been used in a large number of analytical techniques for investigations of many 
kinds of materials. Since the early days of x-ray spectrometry, the Kȕ / KD x-ray intensity ratio and x-ray fluorescence cross-
sections for elements has been extensively studied (Baydas E.,  Ekinci N., Büyükkasap E., ùahin Y.,  2002;  Küçükönder A., 
ùahin Y., Büyükkasap E., and Kopya A. I., 1993;  Küçükönder A., ùahin Y., and Büyükkasap E., 1993). In our earlier studies we 
investigated chemical effects (Baydas E., ùahin Y., and Büyükkasap E., 2003;  Baydas E.,  Sö÷üt Ö., ùahin Y.,  ve Büyükkasap 
E., 2002;  Baydaú E.,  2005;  Baydas E., ùahin Y., and Büyükkasap E., 2003) using a Si(Li) detector with resolution 160 eV at 
5.9 keV. 
   In this work, KD and KE1,3 emission spectra for oxygen compounds of elements in the range 22 d Z d 29 by a Wavelength-
Dispersive X-Ray Fluorescence spectrometry (WDXRF) were measured. Full widths at half maximum intensity (FWHM) of x-
ray emission lines were found by fitting measured spectra. Chemical shifts and differences of full widths at half maximum 
intensity ('FHWM) for these elements are calculated using metallic element as reference. Chemical shifts ('E) are defined by 
Emetal - Ecompund where Emetal is the central energy of the peak of relevant metal element and Ecompound is the central energy of the 
peak of relevant compound. Differences of full widths at half maximum intensity ('FHWM) are defined by FWHMmetal  - 
FWHMcompound where FWHMmetal is the full widths at half maximum intensity of relevant metal element and FWHMcompound is the 
full widths at half maximum intensity of relevant compound.  
2. Methodology 
2.1. Experimental 
   Chemical shifts and FWHM of KD and KE1,3 X-ray emission spectra for oxygen compounds of Ti, Cr, Fe, Co and Cu given in 
Table 1  were measured using Wavelength-Dispersive X-Ray Fluorescence  spectrometer (WDXRF). Powder samples were held 
in place on the sample holder using mylar film and mylar film was put on the top of powder samples. Metal (Ti, Cr, Fe, Co and 
Cu) was measured as received.   
    The experiments were carried out using a Rigaku ZSX100e Wavelength-Dispersive X-ray Fluorescence Spectrometer. The x-
ray tube for primary excitation was a rhodium anode x-ray tube with a typical input power of 50kV and 50 mA and operated 
under vacuum conditions. In this system, we used a fine slit with high resolution. LiF1 (200) crystal and scintillation counter 
(SC) were used according to the range of wavelength of sample. Scintillation counter was scanned from 50 to 1180. The abscissa 
axis of a chart is displayed in the 2-theta angle. Spectra were scanned 0.001 degrees. In this studied, the abscissa axis is changed 
from the 2-theta angle to the energy.  
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   For Ti KĮ spectrum, one channel was a 0.01000keV step from 4.48345 to 4.53395  keV. For Cr KĮ spectrum, one channel was 
a 0.005 keV step from 5.38230 to 5.44030 keV. For Fe KĮ spectrum, one channel was a 0.01000keV step from 6.66440 to 
7.15500 keV. For CoKĮ spectrum, one channel was a 0.01000keV step from 6.86320 to 6.9830 keV. Cu KĮ spectrum, one 
channel was a 0.01000keV step from 7.71740 to 8.39600 keV. For Ti Kȕ1,3 spectrum, one channel was a 0.01000keV step from  
4.89935 to 4.97660 keV. For Cr Kȕ1,3 spectrum, one channel was a 0.005 keV step from 5.90340 to 5.97950 keV. For Fe Kȕ1,3 
spectrum, one channel was a 0.01000keV step from 6.77860 to 7.42040 keV. For Co Kȕ1,3 spectrum, one channel was a 0.02000 
keV step from 7.55840 to 7.72480 keV. The strongest x-ray signal was obtained from Ti, Cr, Fe, Co and Cu metal.   Each 
compound was measurement at least five times to check the reproducibility. A spectrum of chrome metal was measured just 
before and after the five fold measurement of each compound to calibrate the spectrometer energy. The spectrometer was 
evacuated down to 13.0 Pa and the spectrometer temperature was stabilized at 36.5 oC. 
   The five-point Savitzky-Golay smoothing method was iteratively processed five times. The peak position was determined at 
the centre point of the 9/10 intensity of the smoothed lineshape. It was known that the standard deviation of the peak position 
determined using the 9/10 intensity was less than that determined using the peak top.   
   The chemical shift was the difference between the centre point of the 9/10 peak intensity of a compound and that of metal 
measured before and after the measurement of the compound. Spectral smoothing was important for reducing the standard 
deviation of these parameters.    The measured lines can be simulated, with quite a good approximation, by Voigt functions. 
These are the convolution of a Lorentzian function with a Gaussian function, the first one describing the emission line and the 
second one, the responder of the spectrometer. øf the resolution of the spectrometer is large as compared to the natural line width, 
the Gaussian function will predominate. For this reason, the spectra measured with the conventional spectrometer were fitted by 
Gaussian function, whereas for the ones measured with high resolution Voigt functions were used. 
2.2. Analyses and Results 
     For measured Ti, Cr, Fe, Co and Cu compounds, oxidation number, lattice energy, peak energies, chemical shifts ('E), full 
widths at half maximum intensity (FWHM) and difference of full widths at half maximum intensity ('FWHM) for KD and KE1,3  
x-ray emission lines are given  in Table 1. For the good quality of the experimental procedure employed, one of samples was 
measured twenty times in the same experimental conditions and the relative standard deviations (RSD) associated was also 
calculated. This is related to instrument and counting statistics and it was found that, in most cases RSD d % 1.10-3 and % 0.1 for 
chemical shifts and FWHM respectively. 
    The individual characteristics of the structure of molecules, complexes, and crystals mainly affect the energy position of the Ki 
(i = D, E) line. In actuality, an atom in a molecule or crystal differs from the free atom. Participation of the atom in a chemical 
bond leads to a change in its electron density, and the valence electron density is changed to an especially high degree. The 
electron density decreases or increases depending on the type of bonding with adjacent atoms in a molecule or crystal. The 
energies of the inner levels depend strongly on the resulting electron density at the atom; accordingly, the parameters of any 
inner line may be used to identify the chemical state of atoms in molecules or crystals.  
   The KE lines of third period elements owe their origins to x-ray transitions between the inner 1s level and outer valence 3p 
level. When the atom takes part in chemical bonding, the valence 3p atomic orbitals participate in formation of the molecular 
orbitals of the compounds. The structure of these molecular orbitals will be determined both by the nature of the partner atoms in 
the bond and by the symmetry of the molecule which includes the emitting atom. Within the molecule, the inner levels have an 
atom-like character and correspond to the inner 1s levels of the atoms forming the molecule, the outer levels correspond to the 
system of molecular orbitals characteristic for the given molecule. Electron density and quantum states are influenced by the 
environment of the atom with consequent wavelength shifts, or so-called chemical shifts, of the emitted lines. Chemical shifts are 
small and detectable only if the spectral line widths are sufficiently small and if an instrument is available with sufficient spectral 
resolution. For x-rays the line shift is at most a few electronvolts. In spectrometers with high resolution, such as WDXRF 
systems, most spectral shifts are easily detectable. The structure of x-ray emission lines has been extensively studied over a long 
period. The KD 1,2  diagram lines of the 3d elements are of  special interest because of  their asymmetric shape. According to both 
classical and quantum theories of radiation, an emission line has a Lorentzian shape (Mukoyama T., 2000) 
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  The obtained results for KD and KE1,3  emission line are summarized as follows: 
1) Cr2O3 compound has the most chemical shift. Cr2O3 lattice energy is 15276 kj mol-1. Therefore, in the Cr2O3 bond length is 
shorter than that others and this effect increases the interaction between the central atom and ligands in the Cr2O3.   
2) Oxygen numbers of Cr compounds are increasing, chemical shifts are increasing and FWHM is larger. For example; 
(CH3CO2)7Cr3(OH)2 > Cr2(SO4)3.15H2O > Cr(NO3)3.9H2O > CrK(SO4)2.12H2O. 
3) The FWHM values for all Cr compounds are given Table 1. The lines of Cr2O3 with +3 valences are very sharp and the widths 
of these lines are very small in the comparison of all Cr compounds 
4) As seen in Table 1, chemical shifts related to the oxidation state.  The chemical shifts for FeO3 with +3 valances are higher 
than those of FeSO4 with +2 valances. The chemical shifts for Co2O3 with +3 valances are higher than those of other Co 
compounds with +2 valances.  
5) Co2O3 compound has the highest chemical shift and the smallest FWHM in the comparison of all Co compounds.  
6) Oxygen numbers of Co compounds for KE1,3   emission line is increasing, chemical shifts are increasing. For example; 
Co(NO3)2.6H2O > CoSO4.7H2O > Co(C2H3O2) 
 7) When compared to the KD emission line with KE1,3  emission line, which corresponds to the core-core (1so2p) transition, 
more pronounced chemical effects can be observed in the KE1,3 emission since the KE1,3 transition directly involves valence 
electrons which are strongly affected by the chemical environment of the atom. It is well known that the orbital energy levels of 
L, M, N, O and P shells close each other by increasing quantum number “n”. Outer shell energy levels and transition 
probabilities are affected strongly by ligands with respect to crystal field theory. As seen in Table 1, Chemical shifts of the KE1,3 
line are higher than those of KD  line.  FWHM of the KE1,3 line are also larger  than that of KD  line. 
8) The percentages of differences in FWHMs of KD and KE1,3 lines for relevant elements have been calculated  3 % and 4  %  for 
Cr compounds, 1 % and 10 %  for Fe compounds, 2 % and  5  % for Co compounds respectively. This change is only 1 % in KD 
line for Cu compounds. 
9) The maximum percentage of differences in FWHMs of KD and KE1,3 lines between the metals of relevant elements and 
compounds  has been determined  4 % and  7 % for Ti, 2 % and  6 % for Cr, 1 % and  6 % for Fe, 1 % and  3 % for Co. This 
change is only 1 % in KD line for Cu compounds. 
10) The minimum and maximum differences between chemical shifts of KD and KE1,3 lines for relevant elements have been 
found  12 % (single compound),  12 % and 66 %,  24 % (single compound), 6 % and 43 %  for Ti, Cr, Fe and Co respectively. 
No KE1,3 line for Cu measured  in the present study. Therefore, the differences between chemical shifts of KD and KE1,3  could 
not calculated. 
      The errors stated correspond to the counting statistics and to the fitting procedure. Ti, Cr,  Fe, Co, Ni and Cu metal were 
taken as a reference in determining the chemical shifts and differences of full widths at half maximum intensity ('FHWM) of 
other compounds. The uncertainties in the chemical shifts are approximately r 1.10-5 eV. The uncertainties in FHWM are 
approximately r 0.001 eV or less.  
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Table 1. Peak energies, chemical shifts ('E), full widths at half maximum intensity (FWHM) and difference of full widths at half maximum 
intensity ('FWHM) with respect to metal element for    KD and KE1,3  x-ray emission lines. 
References 
Sakurai K., Eba H. (2003). Chemical characterization using relative intensity of manganese   Kb1 and Kb5 X-ray   fluorescence, Nucl. Instr. and  Meth. B 199, 
391-395. 
Gohshi Y.,  Ohtsuka A. (1973), The application of chemical effects in high resolution X-ray Spectrometry,      Spectrochim. Acta Part B 28, 179-188. 
Gohshi Y., Hirao O., Suzuk I. (1975). Chamical state analysis of sulfur, chromium and tin by high resolution  spectrometry, Adv. X-Ray Anal. 18, 406-414. 
Kavþiþ M., Dousse. J –CI., Szlachetko J., Cao W. (2007).  Chemical effects in the Kbeta X- ray emission       spectra of sulfur, Nucl. Instr. and  Meth. B 260, 
642-646. 
Konishi T., Kawai J., Fujiwara M., Kurisaki T., Wakita H. and Gohshi Y. (1999). Chemical  Shift and Lineshape of High-Resolution Ni Ka, X-Ray Fluorescence 
Spectra, X- Ray  Spectrom. 28, 470-477. 
Baydas. E.,  Ekinci N., Büyükkasap E., ùahin Y. (2002).  Chemical effects on LE/LD X- ray intensity ratios of Ba, La and Ce, Spectrochim.  Acta Part B  53, 
151-154  . 
Küçükönder A.,. ùahin Y, Büyükkasap E., & Kopya A. I.  (1993). Chemical effects on  KE/KD  X- ray intensity      ratios in coordination compounds of some 3d 
elements,J. Phys. B 26, 101-105. 
Küçükönder A., ùahin Y., & Büyükkasap E.(1993). Dependence of the KE/KD intensity ratio  on the  oxidation     state,  J. Phys. Chem. Article.  170, 125-132. 
Baydas E., ùahin Y., & Büyükkasap E.(2003). Measurement of KD and KE  X-ray  fluorescence cross- sections    and the KE/KD intensity ratios for elements in 
the range  22d   Zd29 by 10 keV photons J.Quant. Spectrosc.     Ra. 77,  87-93. 
Baydas E.,  Sö÷üt Ö., ùahin Y.,  & Büyükkasap E.(2002). Variation of K X-ray fluorescence  cross-sections of  Fe in f compounds at an energy interval of 7.6-
14.4 keV Spectrochim.  Acta Part B  57,  375-380. 
Baydaú E. (2005). Determination of ratios of emission probabilities of Auger electrons and K to  L shell radiative     vacancy transfer probabilities for 16 elements 
from Ag to er at 59.5  keV Instrum. Sci. Technol. 33,  461-471. 
Baydas E., ùahin Y., & Büyükkasap E.(2003). Variation of the intensity ratios of Ti, V and Cr  in halogen      compounds versus excitation energy in the interval 
5.5-12.1 keV, J. Radioanal. Nucl. Ch. 256, 27-30. 
Mukoyama T. (2000). KD1,2 X-rat emission lines of chromium and its compounds, X-Ray Spectrom. 29, 413-417. 
R. C. Weast. (1986). Ph.D. Handbook of Chem. and Phys.  66th Edition.  
 
 
Compounds oxidation 
number 
Latttice 
energy20  
(kjmol-1) 
KD line 
energy 
(eV) 
'E  
(eV)
KD  for 
FWHM 
(eV) 
KD  for 
'FWHM 
(eV) 
KE1,3 
line 
energy 
 (eV) 
'E 
(eV) 
KE1,3 
for 
FWHM 
(eV) 
KE1,3 for 
'FWHM 
(eV) 
Ti metal   4507.23 0 14.49 0 4928.72 0 16.95 0 
TiO2 4 12150 4506.45 -0.78 13.95 -0.54 4927.85 0.87 15.80 -1.15 
Cr metal 0  5409.34 0 21.35 0 5941.60 0 27.27 0 
CrO 2  5408.84 -0.51 21.54 0.19 5942.22 0.62 28.10 0.83 
Cr2O3 2 15276 5409.86 0.74 21.32 -0.03 5940.78 -0.82 29.77 0.25 
[CH3CO2)7Cr3(OH)2 3  5409.03 -0.31 20.85 -0.50 5941.95 0.35 27.77 0.50 
CrK(SO4)2.12H2O 3  5409.28 -0.06 21.55 0.20 - - - - 
Cr(NO3)3.9H2O 3  5409.24 -0.10 21.67 0.32 5941.37 -0.23 28.10 0.83 
Cr2(SO4)3.15H2O 3  5409.10 -0.24 20.90 -0.45 5942.00 0.40 28.99 1.72 
Fe metal 0  6397.00 0 30.05 0 7051.47 0 32.49 0 
FeSO4 2 2983 6397.55 0.55 29.95 -0.10 7052.15 0.68 34.32 1.83 
FeO3 3  6397.80 0.80 30.20 0.15 7052.40 0.93 31.19 -1.31 
Co metal 0  6921.87 0 35.75 0 7642.32 0 41.35 0 
CoO 2 3837 6922.67 0.80 35.54 -0.21 7643.17 0.85 42.22 0.37 
Co(NO3)2.6H2O 2 2560 6922.47 0.60 36.02 0.27 7643.02 0.70 41.38 0.47 
 CoSO4.7H2O 2 3088 6922.22 0.35 35.76 0.01 7642.82 0.50 42.42 0.57 
Co(C2H3O2) 2  6922.19 0.32 35.98 0.23 7642.72 0.40 42.63 0.78 
Co(ClO4)2.6H2O 2  6922.37 0.50 35.10 -0.65 7641.72 -0.60 42.57 0.72 
CoCr2O4 2  6922.00 0.13 35.08 -0.67 7642.57 0.20 40.62 -1.23 
Co2O3 3  6923.67 1.8 35.69 -0.06 7644.24 1.92 41.35 0 
Cu 0  8037.22 0 48.89 0 - - - - 
Cu2O 1  8037.42 0.20 49.19 0.30 - - - - 
